The Algerian margin formed through back-arc opening of the Algerian basin (Mediterranean Sea) resulting from the roll-back of the Tethyan slab. Recent geophysical data acquired along the Algerian margin showed evidence of active or recent compressive deformation in the basin due to the ongoing Africa-Eurasia convergence. Published data from four wide-angle seismic profiles have allowed imaging the deep structure of the Algerian margin and its adjacent basins. In this study, we converted these velocity models into density models, then into isostatic anomalies. This allowed us to image an isostatic disequilibrium (relative to a local isostasy model) reaching a maximum amplitude at the margin toe. Converting isostatic anomalies into Moho depth variations shows that the Moho extracted from wide-angle seismic data is deeper than the one predicted by a local isostasy model in the oceanic domain, and shallower than it in the continental domain. These anomalies can be interpreted by opposite flexures of two plates separated by a plate boundary located close to the margin toe. We use a finite element model to simulate the lithospheric flexure. The amplitude of the equivalent vertical Moho deflection is larger in the central part of the study area (6-7 km) than on the easternmost and westernmost profiles (3 km). The effective elastic thickness used to best match the computed deflection is always extremely low (always less than 10 km) and probably reflects the relatively low strength of the lithosphere close to the plate boundary. Comparison with other wide-angle seismic profiles across an active and a passive margin show that the North Algerian margin displays isostatic anomalies close to that of an active margin. Finally, plate flexure is highest at the southern tip of the ocean-continent transition, possibly indicating that a former passive margin detachment is reactivated as a crustal scale reverse fault pre-dating a future subduction.
. Topography, bathymetry by ETOPO1 1-min global relief (www.ngdc.noaa.gov) and seismicity of the Algerian margin (epicentres and focal mechanisms). Solid lines indicate the location of the SPIRAL wide-angle profiles. Inset shows a more regional tectonic sketch of the Mediterranean Region (modified after Barrier et al. 2004 ).
convergence at a rate of less than ∼1 cm yr −1 (Dewey et al. 1989; Serpelloni et al. 2007; Carminati et al. 2012) . These kinematic boundary conditions favor subduction inception along the North African margin (Cloetingh et al. 1982 (Cloetingh et al. , 1989 . Northern Algeria, located at the Africa-Eurasia Plate boundary south of the Algerian basin, currently undergoes a slow compressional deformation on its continental margin (Auzende et al. 1972; Frizon de Lamotte et al. 2011) , as evidenced by active seismicity recorded both on land and at sea (Domzig et al. 2006; Yelles-Chaouche et al. 2006; Kherroubi et al. 2009; Kherroubi 2011) . This recent compression (of which the onset is dated between 10 and 2 Ma) between Eurasia and Africa has been proposed earlier (e.g. Le Pichon 1968; Talwani et al. 1969; Caputo et al. 1970; McKenzie et al. 1970) , however from Gibraltar to Sicily, the precise geometry of the plate boundary is still poorly defined, because the deformation is still diffuse and not yet localized on a well-defined plate interface. The North African margin in Algeria may therefore represent a transitional stage between active and passive margin settings (Lonergan & White 1997; Gueguen et al. 1998; Rosenbaum et al. 2002a; Faccenna et al. 2004; Mauffret et al. 2004; Jolivet et al. 2006 Jolivet et al. , 2009 Yelles et al. 2009; Carminati et al. 2012) . If this was the case, then the lithosphere should display an isostatic signal close to that of mature subduction zones, that is, a progressive downward bending of the oceanic plate towards the continental margin that is not due to a 'normal' plate deflection under its own load.
In this study, we use recently published 2-D velocity models computed from wide-angle seismic data of the SPIRAL 2009 survey on the North Algerian margin (Aidi et al. 2013; Leprêtre et al. 2013; Mihoubi et al. 2014; Bouyahiaoui et al. 2015) . The velocity structure is converted into a density structure and an isostatic analysis is performed by comparing measured (from merged data sets) and computed gravity anomalies. Isostatic anomalies are modelled using a broken elastic plate model. From these results, we aim (1) to test whether a flexural effect is indeed detectable along the Algerian margin, (2) if so, to evidence the along-strike changes of flexure and of mechanical properties of the oceanic lithosphere and (3) to discuss their origin by comparison with other types of margins worldwide.
S U M M A RY O F G E O DY N A M I C A L H I S T O RY
The Western Mediterranean Sea belongs to the Alpine orogenic system and is located near the boundary of Africa and Eurasia plates. The western Mediterranean basin depicts a unique, complex structure, with its steep mountain ranges and large continental island blocks which separate several sub-basins (Fig. 1) .
During the Liassic, the opening of the central Atlantic caused a sinistral strike-slip motion between Africa and Iberia, creating a transform zone passing through the Gibraltar strait (Roca et al. 2004 ). Approximately at the same time, the dislocation of Pangea led to the opening of the Alpine Tethys (Irving 1977 (Irving , 2004 Muttoni et al. 1996; Frizon de Lamotte et al. 1991 . The northern Tethyan passive margin is born at the southern edge of the AlKaPeCa (Alboran Kabylia Peloritan and Calabria, Bouillin 1986) continental block system, itself attached to the Sardinia and Balearic proto-islands. In the Late Cretaceous (84 Ma, e.g. Gelabert et al. 2002) , the motion of the African plate changed due to the opening of the South Atlantic, causing the onset of convergence between Europe and Africa (Olivet et al. 1982; Dewey et al. 1989; Ricou 1996; Rosenbaum et al. 2002a; Cavazza et al. 2004; Schettino & Turco 2011) . This new stress regime initiated the closure of the Tethys Ocean, which was accommodated in the Maghreb by northward subduction and opening of the Algerian backarc basin between stable Eurasia and AlKaPeCa microcontinents. This stage ended with the collision between the continental AlKaPeCa blocks and Africa (Lonergan & White 1997; Gueguen et al. 1998; Roca et al. 1999; Verges & Sabat 1999; Frizon de Lamotte et al. 2000; Faccenna et al. 2001; Roca 2001; Rosenbaum et al. 2002a; Mauffret et al. 2004) . These continental blocks, initially belonging to the European margin (Bouillin 1986) , broke up into several sub-blocks that migrated southward and formed the internal zones of the Alpine south-Mediterranean belt after their collision with North Africa. A two-stage kinematic model of opening of the Algerian basin has been proposed, with a first N-S opening due to the southward migration of the AlKaPeCa blocks at 35 Myr, followed by an EW opening with the formation of oceanic crust along NS trending accretionary centres between 16 and 8 Myr (Mauffret et al. 2004; Mauffret 2007; van Hinsbergen et al. 2014) . According to this hypothesis, the late stage of opening of the basin is associated with the westward migration of the Gibraltar Arc and eastward migration of the Calabrian arc, and occurred after the collision of the Kabylian massifs with North Africa. Magmatism attributed to slab detachment occurred first in the Langhien (∼15 Ma) at the central Algerian coast and then spread to the west and east, supporting the hypothesis of opposite migration of the Calabrian and Gibraltar slab tears (Carminati et al. 1998; Maury et al. 2000; Savelli 2002; Spakman & Wortel 2004) . Nowadays, the still ongoing Africa-Europe convergence is recorded in Algeria, both in the coastal basins on land (e.g. the Chelif and Mitidja basins) and in the offshore, with characteristic fold-thrust structures (Boudiaf 1996; Déverchère et al. 2005; Domzig et al. 2006; Yelles-Chaouche et al. 2006; Kherroubi et al. 2009; Yelles et al. 2009 ).
AVA I L A B L E DATA S E T S
In order to quantitatively assess the mechanical properties at the plate boundary, several terrestrial and marine gravity data sets from the 'Bureau Gravimétrique International (BGI, International Gravimetric Bureau 2012), http://bgi.obs-mip.fr' database were used. This database consists of irregularly spaced points issue from some of survey, attached to different gravity bases (Bouyahiaoui et al. 2011) . Its accuracy is estimated at 1 mGal and the measurements are attached to the 1930 Potsdam network (Idres & Aifa 1995) .
In order to use the BGI data, it was essential to bring all data survey to the same level of reference (for the data to be homogeneous). For this purpose, we used the new gravity measurements acquired in the framework of missions CRAAG at places where BGI data existed (Abtout et al. 2014) . Comparison of old data to new measurements allowed us to compute a systematic offset due to different attachments. This difference was added to the old values to bring them to the same reference ellipsoid as the absolute measurements.
In a second step, outliers were eliminated by a systematic search of peaks outside the mean distribution, centred on a square of 100 km × 100 km. These treatments provided a self-consistent free-air anomaly map attached to the absolute gravity reference bases.
The resulting free air anomaly map shows several positive anomalies on the northern of continental margin, and negative anomalies representing the sedimentary basins (Fig. 2) . The latter are namely, the backarc Mitidja basins near Algiers, the Tizi Ouzou basin and the small basins of Guelma and Seybouse in the East near Annaba. Positive anomalies on the continental domain are limited to the north by negative anomalies representing the limit of the margin. Some positive anomalies however extend offshore, in the Kheir Eddine bank in Algiers, and the Edough massif near Annaba. Free air anomaly profiles were then drawn along four wide-angle seismic profiles of the SPIRAL survey (Tipaza, Greater Kabylia, Jijel and Annaba profiles from west to east, Fig. 2 ), in order to provide a first-order check on the velocity model determined by forward inversion of wide-angle data (Aidi et al. 2013; Leprêtre et al. 2013; Mihoubi et al. 2014; Bouyahiaoui et al. 2015) .
(1978), Carlson & Herrick (1990) and Birch (1961) laws, such as, respectively:
For the Birch law, we choose a B factor of 2.8 and an integration constant of -1.45 in order to retrieve commonly accepted density values of 1030 and 3300 kg m −3 for the water and uppermost mantle, respectively. The second conversion model uses the Birch law for all crust and mantle rocks. The velocity-density conversion is different for the salt layer, for which the density is of 2200 kg m −3 for seismic velocities ranging between 3.9 and 4.1 km s −1 . The density models are then used to calculate a theoretical gravimetric anomaly that can be compared to the measured one.
We then test if the profiles are in local isostatic equilibrium in an Airy sense. If this was the case, then the weight of each vertical column should be the same all along the profile. For each longitudinal profile node, the weight P(x) of the column of crust and mantle are computed such as:
Where h is the height of the grid element (constant), g the gravitational acceleration and Z is the compensation depth (taken as the deepest point of the profile). Relative weight anomalies P(x) are computed along the profile by subtracting an average to the computed column weights. These anomalies can be interpreted as deviations from the local isostatic equilibrium in the Airy sense. Positive deflection means that the lithosphere is heavier than predicted by an Airy-type model, which can be interpreted for instance as an upward flexure resulting in a Moho uplift and mantle emplacement at crustal levels. We convert these 'weight anomalies' in an equivalent deflection of the Moho h moho with:
where ρ m and ρ c are the upper mantle and crust densities, respectively. h moho is therefore the amount of deflection that should be substracted from the observed Moho to bring it to an isostatically compensated ('unflexed') position. We then model this calculated deflection using a thin elastic plate model and a trial and error approach. In this model, the plate bends under the effect of vertical loads and/or moments, which cause the observed plate deflection. Here, all vertical loads due to density changes within the crust are already taken into account by the isostatic analysis, and we seek modelling an 'additional' Moho deflection due to external plate bending forces. The flexure w of a thin elastic plate in 1-D under an applied load q depends on its rigidity D such as:
where D is the lithosphere rigidity connected to the effective elastic thickness Te:
With E and v the Young's modulus and the Poisson coefficient, respectively. In a mechanically couple lithosphere, Te is simply the sum of the elastic thicknesses of the crust and mantle. If they are mechanically decoupled, Te writes (Burov & Diament 1995) :
where h crust and h mant are the crust and mantle elastic thicknesses, respectively. A finite element formulation is used to model the lithospheric flexure at the plate boundary (Kwon & Bang 2000) . The profiles are discretized into two distinct plates for the continental and oceanic parts, which allow us to apply opposite flexures on both domains. The two plates can be separated by a transition zone of variable width where no flexure is computed. This transition zone is a free slip boundary, that is, each plate can move independently from the other one. We have focused our study on the oceanic part because the continental domain is less well constrained due to the lack of seismic shots on land. The deflection and the plate curvature oppositely to their point of junction (x = 0) are set to zero, and the amount of deflection computed from the equivalent Moho deflection is applied at both ends of each plate (x = end), such as ( Fig. 3) :
The misfit (in km) between the computed flexure and the modelled one is calculated given by the rms value:
where N is the number of points, w obs is the observed flexure and w calc is the flexure calculated using the finite element method. In all our models, the effective elastic thickness is assumed constant. The main reason is that the seismic profiles are short compared to the characteristic wavelength of flexural response. As a consequence, we are able to determine only the effective elastic thickness of the lithosphere close to the plate boundaries, which is probably much lower than the overall plate rigidity (because of local plate weakening due to tectonic deformation and bending stresses). Introducing a plate variable rigidity on such short profiles would rather help us fitting a noise than a true signal in the plate flexure.
M O D E L L I N G R E S U LT S
We present in this section the results of gravity, isostasy and flexure modelling of each profile from west to east (Figs 4-7, and Supporting Information 1-4). For each profile, the velocity/density conversion provides slightly different results depending on the conversion method: the first method which uses Hamilton (1978) , Carlson & Herrick (1990) and Birch (1961) laws for the sediments, upper crust, and lower crust and mantle, respectively, gives a lower gravity anomaly (by about 10-50 mGal) and a lower amplitude of equivalent deflection (0.5-1 km) than the second method which uses the Birch law only. Despite some discrepancies, the second conversion Fig. 4 for the Annaba profile. Seismic velocities after Bouyahiaoui et al. (2015) . Discrepancies between both methods can be used as an estimate of the mean error on the resulting equivalent deflection (i.e. 0.1-1 km). Sensitivity tests allowed us to estimate an uncertainty in the mean effective elastic thickness of about 1 km (Table 1) . method gives generally a best fit to observed gravity data (especially a better fit to the amplitude of the observed gravity anomaly) than the first one, suggesting that the Birch law provides a satisfying velocity-density conversion in our case study (Figs 4b, 5b, 6b and 7b) . Whereas the fit to gravity data is satisfying for Tipaza and Annaba profiles, it is not very good for the two central profiles (Greater Kabylia and Jijel) . This is probably due to side effects of the Greater Kabylia massif located close to this profile, which affects the gravity signal but not the seismic velocity model on the 2-D profile, or to deeper mantle anomalies sometimes suggested Spakman & Wortel 2004) . On both profiles indeed, the observed free-air anomaly signal is tilted counter-clockwise with respect to the modelled ones, suggesting the presence of a longwavelength 3-D trend in the gravity signal. As a matter of fact, the Birch law predicts a free-air anomaly that is of the same amplitude as the observed one (i.e. about 150 mGal), whereas the free-air anomaly predicted by the first conversion method is of much lower amplitude (less than 100 mGal). For this reason, we chose to keep the second conversion method (Birch's law only) for all profiles.
Tipaza profile
The computed deflection shows a clear undercompensation (mass excess) on the continental part and overcompensation (mass deficit) beneath the oceanic domain (Fig. 4c) . Moreover, departure from local equilibrium increases exponentially when approaching the ocean-continent transition, both on the continental and oceanic parts. For the flexural model, the parameters of the continental plate are set to an elastic thickness of 10 km, because of the lack of constraints on the crustal structure, and a deflection of -1.2 km is imposed at the plate end. For the oceanic plate, the deflection is set at 2.2 km at the plate end and we calculated the rms for several elastic layers of different thicknesses between 3 and 7 km ( Table 1) . The elastic thickness which gives the best fit between observed and modelled data is 6 ± 1 km. The width of the transition zone (i.e. between the continental and oceanic plates) in this profile is 20 km (between km-40 and km-20).
Greater Kabylia profile
Like for the Tipaza profile, the deflection model (Fig. 5c) shows overcompensation on the oceanic crust; however, the isostatic signal is much less clear on the continental part. We set the parameters of the continental plate to an elastic thickness of 10 km and a deflection at 1.2 km is imposed at the point located at 150 km from the beginning of the profile, but this remains unconstrained. For the oceanic plate, we set the deflection at 6 km and we calculated the rms for several elastic layers of different thicknesses between 4 and 10 km ( Table 1) . The elastic thickness which gives the best fit between observed and modelled data is 7 ± 1 km. The width of the transition zone in this profile is 20 km (between km-130 and km-150).
Jijel profile
The computed deflection also shows a clear overcompensation (downward flexure) on the oceanic part, increasing towards the foot of the margin, like for the two former profiles (Fig. 6c) . The continental part does not display any clear isostatic anomaly but, like for the previous profiles, the velocity model is poorly constrained. We set the parameters of the continental plate to an elastic thickness of 10 km and a deflection of -1 km (km 160), whereas for the oceanic plate, we set the deflection at 4.5 km and tested different Te values between 4 and 10 km ( Table 1) . The elastic thickness which gives the best fit between observed and modelled data is 8 ± 1 km. The width of the transition zone in this profile is 15 km (between 165 and 180 km).
Annaba profile
The computed deflection along this profile shows a slight overcompensation (downward flexure) on the oceanic part, increasing towards the foot of the margin, and an undercompensation on the continental domain (Fig. 7c) . We set the parameters of the continental plate to an elastic thickness of 10 km and a deflection of -2.8 km, whereas for the oceanic plate, we set the deflection at 2 km and tested different Te values between 2 and 7 km ( Table 1) . The elastic thickness which gives the best fit between observed and modelled data is 3 km. The width of the transition zone in this profile is 25 km (between km-90 and km-115).
Comparison with active and passive margin settings
By comparing Figs 4-7, it appears that the wavelength and amplitude of the downward bending of the oceanic lithosphere in the Algerian basin are larger for the two central profiles (4-6 km) than for the eastern and western ones (1-2 km). In order to assess whether the observed lithosphere deflection is more representative of an active or passive margin setting, we compare our results on the Greater Kabylia profile (considered here as depicting a characteristic flexural profile) to two other wide-angle seismic profile acquired on a typical passive margin, in the Atlantic offshore central Morocco, and across the Sumatra passive margin (Fig. 8 , Contrucci et al. 2004; Klingelhoefer et al. 2009 Klingelhoefer et al. , 2010 . Exactly the same processing as for Algerian profiles was applied in order to obtain 'weight' anomalies which are then converted into an equivalent Moho deflection. The passive margin profile across central Morocco displays an irregular pattern of positive and negative isostatic anomalies, no clear deflection is visible. On the opposite, the plate deflection is well depicted on the Sumatra profile Figure 8 . Comparison between the deflection profiles for a typical passive margin offshore central Morocco, an active margin offshore Sumatra, and the Greater Kabylia profiles. Morocco and Sumatra profiles were computed after Klingelhoefer et al. (2009 Klingelhoefer et al. ( , 2010 where it reaches more than 6 km at the trench. This comparison shows that the Greater Kabylia profile in Algeria, where plate deflection is the largest, has an isostatic signature very similar to that of a typical subduction margin, although no oceanic slab is presently accommodating the Africa-Europe convergence off Algeria.
D I S C U S S I O N
By converting isostatic anomalies into Moho depth variations across four segments of the present-day Algerian margin, we show that the Moho extracted from wide-angle seismic data is deeper than the one predicted by a local isostasy model in the oceanic domain, and shallower than it in the continental domain. These anomalies can be interpreted at first order by opposite flexures of two converging plates characterized by effective elastic thicknesses (Te) ranging between 3 and 7 km for the oceanic lithosphere. We find no systematic trend in Te variations is observed along the margin, although it is worth noting that for the westernmost profile, Te is twice lower than for the other ones (3 km instead of 6-7 km). These Te values are unexpectedly low for an oceanic lithosphere (Watts & Burov 2003) , even only 20 Myr old. However, our profiles are rather short (∼200 km), so we can only reproduce the short wavelength component of the plate flexure, close to the plate boundary. Therefore, these low Te values are most likely underestimated. Furthermore, these low values may also reflect a local weakening of the oceanic crust, either by flexural stresses or by tectonic or thermal processes: indeed, the collision of the Inner Zones (AlKaPeCa blocks) with the African margin at ca. 19 Ma has been followed by a lateral slab detachment of opposite directions (see Part 1), a process which has induced a migrating volcanic activity near the margin (Maury et al. 2000) and has likely weakened the overlying lithosphere.
The amplitude of downward flexure is slightly different from one profile to another, depending on their position along the coast. These changes could be (at least partly) related to the difference in geometry of the margin segments and their regional geodynamic and kinematic evolution that is likely polyphased and strikingly different from east to west (e.g. Medaouri et al. 2014; van Hinsbergen et al. 2014) .
The different models display a transition zone between continental-upward and oceanic-downward flexed plates. This zone is approximately 20 km wide and is shifted to the south (of ca. 20 km) with respect to the location of the ocean-continent transition as depicted by velocity models (Fig. 9) .
Hence, the plate discontinuity where plate flexure localises at depth (i.e. close to the Moho) locates slightly south of the ocean- Interpretative cross-section of the present-day deformation on the north Algerian margin, involving a possible detachment reactivation on top of the former OCT, schematically drawn based on structure and seismic interpretation of the Jijel profile (Mihoubi et al. 2014). continent transition (OCT) as identified on the velocity models. If the OCT, like on classical magma-poor passive margins, results from mantle exhumation along a detachment fault (e.g. Brun & Beslier 1996) , then this observation suggests that the margin inversion localises on a south-dipping structure that might well be the former detachment along which the mantle was exhumed during the passive margin formation (Fig. 10) . Whether this formation was accompanied or not by the development of a margin-parallel STEP fault (Leprêtre et al. 2013; Medaouri et al. 2014 ) is difficult to assess from this study, as this kind of fault could also play the role of a major lithospheric weakness during margin inversion. Although in a quite different context, detachment reactivation as a major thrust during rift basin inversion has also been documented in the Pyrenees (Lagabrielle et al. 2010; Jammes & Huismans 2012) . The north Algerian margin could thus be one of the rare examples of passive margin inversion where extensional detachment is reactivated in compression as a proto-subduction interface, favouring the ongoing underthrusting of the Neogene oceanic domain below the Algerian continental margin (Auzende et al. 1975; Déverchère et al. 2005) .
CONCLUSION
Based on accurate velocity models and a new grid of gravity data, the flexure and the mechanical properties of the oceanic lithosphere across the Algerian margin, located at the boundary between Africa and Eurasia plates, were modeleld. Our results show that in the oceanic domain of the Algerian basin, the 'weight' of a given column of lithosphere tends systematically to decrease exponentially when approaching the foot of the North African continental margin. Conversely, in the continental area, this 'weight' increases when approaching the margin, although this is not strongly constrained. These weight changes show that the profiles (and hence, the foot of the margin) are not in equilibrium in a local sense: if we convert these weight anomalies into variations of Moho depth, then the oceanic Moho becomes increasingly deeper, and the continental Moho increasingly shallower, on either side of a discontinuity located at the margin toe. The isostatic signature of these profiles is thus typical of broken plates with opposite flexures (e.g. Watts 1981 Watts , 1992 Watts , 2001 ). The conversion of the'weight anomaly' into an equivalent flexure of the Moho shows that the Moho is flexed downward in the oceanic domain for all the four modelled profiles, and probably upward in the continental area at least for two of them. The amplitude of the equivalent deflection is larger in the central part of the study area (4-6 km) than on the easternmost and westernmost profiles (2 km). The effective elastic thickness used to best match the computed deflection is always extremely low (always less thanmargin detachment is reactivated as a crustal-scale reverse fault pre-dating a future subduction of the Neogene oceanic lithosphere.
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